Introduction Recent clinical data suggest that early administration of vasopressin analogues may be advantageous compared to a last resort therapy. However, it is still unknown whether vasopressin and terlipressin are equally effective for hemodynamic support in septic shock. The aim of the present prospective, randomized, controlled pilot trial study was, therefore, to compare the impact of continuous infusions of either vasopressin or terlipressin, when given as first-line therapy in septic shock patients, on open-label norepinephrine requirements.
Introduction
In the past few years, it has become evident that the efficacy of hemodynamic optimization by fluids and vasopressor agents critically depends on the urgency of therapy [1] [2] [3] [4] . The recent Vasopressin and Septic Shock Trial (VASST) [5] revealed that survival was only improved in the subgroup of patients receiving vasopressin (AVP) in the less severe state of disease, as indicated by low doses of norepinephrine (NE) infusion (i.e. ≤15 μg/min) prior to randomization. In some European countries, however, AVP is not available, and thus terlipressin (TP), a synthetic, long-acting vasopressin analogue, is commonly considered as last resort therapy in the late phase of septic shock, when high dosages of catecholamines fail to counteract sepsis-related arterial hypotension [6] [7] [8] [9] . Due to its long effective half-life of four to six hours, TP is commonly administered as high-dose bolus infusion (about 1 mg every four to six hours). The potential problem, however, is that TP bolus infusion may contribute to excessive vasoconstriction and a reflectory decrease in cardiac output with a proportional depression in oxygen delivery [10] . This may be especially problematic in a condition of increased oxygen demand, such as early sepsis [1, 3] . Notably, preliminary experimental and clinical reports have shown that TP may also be administered as low-dose continuous infusion, thereby mitigating, or even preventing such adverse events [10] [11] [12] [13] [14] . The optimal time of therapy, however, remains to be determined.
Preliminary results from a comparative experimental study of AVP versus TP in ovine septic shock suggested that continuous infusion of TP may improve survival and increase mesenteric perfusion as compared with AVP [15] . In addition, it has been reported that a highly selective V 1 agonist (FE 202158) markedly reduced vascular leakage and mortality in experimental sepsis as compared with AVP [16, 17] . Nevertheless, a direct comparison between a continuous infusion of a relatively selective V 1 agonist, such as TP, and AVP on catecholamine requirements in human septic shock has not yet been performed. We hypothesized that the relatively selective V 1 receptor agonist TP is likewise advantageous when compared with AVP in human septic shock.
Therefore, we conducted a randomized controlled clinical pilot study to compare the effects of first-line institution of continuous, fixed doses of TP and AVP infusion on open-label NE requirements in patients with septic shock. In addition, we aimed to investigate the effects of both vasopressor agents on systemic and regional hemodynamics as well as organ function.
Materials and methods

Patients
After approval by the Local Institutional Ethics Committee, the study was performed in an 18-bed multidisciplinary intensive care unit (ICU) of the Department of Anesthesiology and Intensive Care of the University of Rome 'La Sapienza'. Due to the protocol design, informed consent was obtained from the patients' next of kin at the time of ICU admission. Enrolment of patients started in January 2007 and ended in January 2008. We enrolled patients who fulfilled the criteria of septic shock [3] presenting with a mean arterial pressure (MAP) below 65 mmHg despite appropriate volume resuscitation (pulmonary arterial occlusion pressure (PAOP) = 12 to 18 mmHg and central venous pressure = 8 to 12 mmHg) [3] during the ICU stay.
Exclusion criteria were age less than 18 years, catecholamine therapy prior to randomization, pronounced cardiac dysfunction (i.e. cardiac index ≤2.2 L/min/m in the presence of PAOP > 18 mmHg), chronic renal failure, severe liver dysfunction (Child-Turcotte-Pugh grade C), significant valvular heart disease, present coronary artery disease, pregnancy, and present or suspected acute mesenteric ischemia or vasospastic diathesis (e.g. Raynaud's syndrome or related diseases).
All patients were sedated with sufentanil and midazolam and received mechanical ventilation using a volume-controlled mode.
Measurements
Systemic hemodynamic monitoring of the patients included a pulmonary artery catheter (7.5-F, Edwards Lifesciences, Irvine, CA, USA) and a radial artery catheter. MAP, right atrial pressure (RAP), mean pulmonary arterial pressure (MPAP), and PAOP were measured at end-expiration. Heart rate (HR) was analyzed from a continuous recording of electrocardiogram with ST segments monitored. Cardiac index (CI) was measured using the continuous thermodilution technique (Vigilance II ® , Edwards Lifesciences, Irvine, CA, USA). Arterial and mixed-venous blood samples were taken to determine oxygen tensions and saturations, as well as carbon dioxide tensions, standard bicarbonate and base excess. Mixed-venous oxygen saturation (SvO 2 ) was measured discontinuously by intermittent mixed-venous blood gas analyses. Systemic vascular resistance index (SVRI), pulmonary vascular resistance index (PVRI), left and right ventricular stroke work indices (LVSWI, RVSWI), systemic oxygen delivery index (DO 2 I), oxygen consumption index (VO 2 I), and oxygen extraction ratio (O 2 -ER) were calculated using standard formulae.
Regional hemodynamic monitoring was performed using a 4-F oximetry thermo-dye dilution catheter (PV2024L, Pulsion Medical System AG, Munich, Germany) inserted into the femoral artery for the measurement of plasma disappearance rate (PDR) and blood clearance of indocyanine green related to body surface area (CBI). PDR and CBI were determined with the Cold Z-021 system (Pulsion Medical System AG, Munich, Germany) using an established protocol [18, 19] . In addition, an air-tonometer (Tonocap, Datex-Ohmeda, Helsinki, Finland) was inserted via the naso-gastric route for measurement of gastric mucosal carbon dioxide partial pressure and calcula-(page number not for citation purposes) tion of the gradient between gastric mucosal and partial pressure of arterial carbon dioxide [20, 21] .
Arterial blood samples were drawn and analyzed for pH, arterial lactate, aspartate aminotransferase, alanine aminotransferase, total bilirubin (BILT), direct bilirubin (BILD), amylase, lipase, international normalized ratio, activated partial thromboplastin time ratio, cardiac troponin I, TNF-α, IL-1β, and IL-6. Urine samples were collected to assess urinary output and creatinine clearance.
Study design
Patients were randomized to one of three study groups using a computer-based procedure. Patients allocated to the TP group received a continuous TP infusion of 1.3 μg/kg/hour and patients in the AVP group were treated with a continuous infusion of AVP at 0.03 U/min. The control group received a fixed dose of NE (15 μg/min). In all three groups, open-label NE was additionally infused, if the goal MAP of 70 ± 5 mmHg was not achieved with study drug infusion alone ( Figure 1 ).
Fluid challenge was performed to maintain central venous pressure at 8 to 12 mmHg and PAOP between 12 and 18 mmHg during the 48-hour intervention period [3] . Packed red blood cells were transfused when hemogloblin concentrations decreased below 8 g/dL. If SvO 2 was less than 65% despite appropriate arterial oxygenation (arterial oxygen saturation ≥95%) and hemoglobin concentrations wer 8 g/dL or above, dobutamine was administered in doses up to 20 μg/kg/min to achieve SvO 2 values of 65% or more, if possible [3] . During the 48-hour study period, all patients received intravenous hydrocortisone (200 mg/day) as a continuous infusion.
Systemic, pulmonary, and regional hemodynamic measurements, laboratory variables, blood gases as well as NE requirements, were determined at baseline, 12, 24, 36 and 48 hours after randomization. Plasma cytokine concentrations were measured at baseline and after 48 hours.
In patients surviving the 48-hour intervention period, study drug infusion was terminated, and open-label NE was titrated to maintain MAP at 70 ± 5 mmHg. To assess the incidence of arterial rebound hypotension, NE infusion rates were again evaluated at 54 and 60 hours after randomization (i.e. 6 and 12 hours after termination of study drug infusion). None of the patients received further TP or AVP infusions.
Statistical analysis
The primary endpoint of the present study was the reduction of average open-label NE requirements in patients treated with TP as compared with the AVP or NE group. To detect a 30% difference in NE infusion rates between groups, with an expected standard deviation (SD) of 25% and a test power of the analysis of variance (ANOVA) of 80%, a sample size of 15 individuals per group was required. Data are expressed as means ± SD, if not otherwise specified. Sigma Stat 3.10 software (SPSS, Chicago, IL, USA) was used for statistical analysis. After confirming normal distribution of all variables (Kolmogorov-Smirnov test), differences within and among groups were analyzed using a two-way ANOVA for repeated measurements with group and time as factors. Time-independent variables were compared with one-way ANOVA. In case of significant group differences over time, appropriate post hoc comparisons (Student-Newman-Keuls) were performed. Categorical data were compared using the chi-squared test. For all tests, an α-error probability of P < 0.05 was considered as statistically significant.
Results
Patients
Of the 119 screened septic shock patients who met the inclusion criteria of the study, 74 had to be excluded due to prior catecholamine therapy (n = 62), inappropriately low cardiac output (n = 7), chronic renal failure (n = 4), and severe liver dysfunction (n = 1). Finally, 45 consecutive patients were enrolled in the study and equally randomized to one of the three study groups (n = 15 per group; Figure 1 ). None of the enrolled patients died during the study period.
Demographic data
Baseline characteristics including age, gender, body weight, origin of septic shock, and simplified acute physiology score II (SAPS II) are presented in Table 1 . There were no significant differences in baseline characteristics between groups.
Norepinephrine and dobutamine requirements
Open-label NE infusion rates increased over time in the AVP and NE groups (each P < 0.001 at 48 hours vs. baseline; Figure 2) . Likewise, NE requirements increased during the first two hours of the study period in the TP group (P < 0.001). From 24 hours to the end of the intervention period, however, open-label NE infusion rates were significantly lower in the TP group as compared with the AVP and NE groups (P = 0.02 vs. AVP and P < 0.001 vs. NE at 48 hours). In addition, NE requirements were significantly higher 12 hours after discontinuation of the study drugs in the NE and AVP group as compared with the TP group (each P = 0.018 vs. AVP and NE at 60 hours). At six hours, dobutamine requirements were higher in TP-treated patients as compared with the other two groups.
However, thereafter dobutamine doses were similar between groups during the first 12 hours of initial hemodynamic resuscitation ( Figure 3 ). Activated protein C was administered in four patients in NE group and in five patients in both TP and AVP groups.
Systemic hemodynamic variables
Systemic hemodynamic variables are summarized in Table 2 . HR was significantly lower in the TP group as compared with the NE group over the whole interventional period (P = 0.047). There was no significant overall group difference in the other variables of systemic hemodynamics.
New-onset tachyarrhythmias
The incidence of new-onset tachyarrhythmias (i.e atrial fibrillation) was 0 of 15 in the TP group, 1 of 15 in the AVP group and 4 of 15 in patients allocated to the control group (not significant; P = 0.054; chi-squared test).
Acid-base homeostasis, oxygen transport variables
There were no significant overall differences between groups in any variable of acid-base homeostasis or oxygen transport, except for a lower pH and base excess as well as a higher arterial lactate concentration in the NE as compared with the TP group at 48 hours (Table 3) .
Regional hemodynamics
There were no significant overall differences between groups in any variable of regional hemodynamics. Nevertheless, a time-dependent decrease in PDR and CBI was observed in the AVP and NE groups (both P < 0.05 at 48 hours vs. baseline; Table 4 ). 
Cause of septic shock
Necrotizing fasciitis (n = 1) Endocarditis (n = 1) Pancreatitis (n = 4) 0.438
Necrotizing fasciitis (n = 2) Peritonitis (n = 6) Peritonitis (n = 5) Peritonitis (n = 6) Pneumonia (n = 5)
Pneumonia (n = 6) Pneumonia (n = 6) Data are given as median (25%; 75% range). AVP = arginine vasopressin; ICU = intensive care unit; NE = norepinephrine; TP = terlipressin; SAPS II = simplified acute physiology score II.
ICU mortality
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Variables of organ function and injury
Variables of organ function and coagulation were similar between groups (Table 5) , except for BILT and BILD, which were significantly higher in the AVP and NE group as compared with patients treated with TP at the end of the 48-hour intervention period (BILT: TP vs. NE, P = 0.001; TP vs. AVP, P = 0.009; BILD: TP vs. NE, P = 0.002; TP vs. AVP, P = 0.013).
Creatinine plasma concentrations increased with time only in the NE group (P < 0.001 at 48 hours vs. baseline). The relative increase in creatinine concentrations over the 48-hour intervention period was significantly higher in the NE group as compared with the TP and AVP group (each P < 0.001). Whereas 4 of 15 (26.7%) and 5 of 15 (33.3%) patients required renal replacement therapy at the end of the study period in the TP and AVP group, respectively, 8 of 15 patients (53.3%) required renal replacement therapy at the end of the study period in the NE group (n.s.; P = 0.293; chi-squared test). There were no differences in coagulation variables except for a time-dependent decrease in platelet count in the TP group (P < 0.001 at 48 hours vs. baseline).
Markers of systemic inflammation IL-6 concentrations significantly decreased in the AVP group (P = 0.044 at 48 hours vs. baseline), and there was a strong tendency towards a decrease in the TP group (P = 0.052 at 48 hours vs. baseline). However, there were no significant differences in TNF-α or IL-1β concentrations among groups ( Table 6 ).
Length of ICU stay and outcome
Length of ICU stay and ICU mortality were similar between groups (Table 1) .
Discussion
The major findings of the present study are that continuous, low-dose TP infusion at the investigated dose was effective in reversing sepsis-induced arterial hypotension and in reducing NE requirements.
In the current clinical trial, TP, AVP and NE -when administered as first-line vasopressor agents -were effective in increasing MAP to goal values of 70 ± 5 mmHg when combined with open-label NE. The vasoconstrictive effects of AVP and TP mainly depend on V 1 receptor stimulation. Nevertheless, AVP may also exert vasodilatory effects in a dosedependent manner, possibly mediated by nitric oxide liberation secondary to stimulation of V 2 receptors [22] . In this context, Barrett and colleagues [23] recently reported that the selective V 1 agonist F-180 is a more effective vasoconstrictor agent as compared with AVP. The latter observation is in accordance with the finding of the present study that TP, a relatively selective V 1 agonist as compared with AVP (V 1 :V 2 ratio of 2.2:1 vs. 1:1) [22] , enabled a marked reduction in open-label NE requirements. As expected, due to its effective half-life of four to six hours, we noticed a longer duration of the TP effects (i.e. lack of rebound hypotension) [22] .
The somewhat surprising observation of the present study that AVP only tended to but did not significantly reduce NE requirements is in contrast with the results of VASST (which used an identical vasopressin dose), in which AVP administration allowed a reduction in NE requirements [5] . However, there Norepinephrine requirements Norepinephrine requirements. AVP = arginine vasopressin; NE = norepinephrine; TP = terlipressin. ‡ P < 0.05 vs. AVP (significant group effect); § P < 0.05 vs. NE (significant group effect).
Figure 3
Dobutamine requirements Dobutamine requirements. AVP = arginine vasopressin; MAP = mean arterial pressure; NE = norepinephrine; TP = terlipressin. ‡ P < 0.05 vs. AVP (significant group effect); § P < 0.05 vs. NE (significant group effect). are several reasons that might explain this discrepancy. First, the considerably higher sample size of VASST as compared with the present study makes it more likely to detect significant differences. Moreover, in VASST [5] , MAP at baseline was 72 to 73 mmHg, whereas it was considerably lower in the present study. Second, the mean time elapsed from meeting the criteria for study entry to infusion of AVP was 12 hours in VASST [5] . By contrast, in our study, a different hemodynamic condition at baseline (i.e. arterial hypotension), as well as the administration of AVP as a first-line therapy could have played a pivotal role in this regard [4] . In addition, the lack of reduction in NE requirements may potentially be explained by the low dose infused in the present study (0.03 U/min). Although previous studies suggest that AVP infusion in septic shock should not exceed 0.04 U/min because of the potential risk of adverse effects [3, 24] , Luckner and colleagues [25] recently reported that 0.067 U/min is more effective in hemodynamic support and catecholamine reduction than 0.033 U/min. Finally, it has to be underlined that this specific dose has not yet been investigated as first-line therapy in the treatment of human septic shock. Therefore, it is possible that in the present study, TP was more effective than AVP because the TP dose was relatively higher as compared with the vasopressin dose.
In harmony with previous experimental and clinical studies [11] [12] [13] [14] , we did not notice a decrease in CI, DO 2 I and SvO 2 following low-dose AVP or TP infusion in fluid resuscitated septic shock patients. In this regard, it is important to underline that AVP = arginine vasopressin; CI = cardiac index; HR = heart rate; LVSWI = left ventricular stroke work index; MAP = mean arterial pressure; MPAP = mean pulmonary arterial pressure; NE = norepinephrine; PAOP = pulmonary artery occlusion pressure; PVRI = pulmonary vascular resistance index; RAP = right atrial pressure; RVSWI = right ventricular stroke work index; SVI = stroke volume index; SVRI = systemic vascular resistance index; TP = terlipressin. *P < 0.05 vs. baseline (significant time effect); † P < 0.05 vs. TP (significant group effect); ‡ P < 0.05 vs. AVP (significant group effect); § P < 0.05 vs. NE (significant group effect). dobutamine doses administered to achieve SvO 2 values of 65% or moreduring the initial phase of hemodynamic resuscitation were similar between groups. In addition, neither AVP nor TP negatively affected pulmonary hemodynamics and function, as suggested by constant PVRI values and partial pressure of arterial oxygen (PaO 2 )/fraction of inspired oxygen (FiO 2 ) ratio. These findings confirm the theory that continuous TP infusion may be favourable over TP bolus infusion, because the latter approach has been reported to excessively increase SVRI and PVRI, as well as to decrease HR and CI [11] .
Previous studies investigating low-dose AVP or TP in patients with septic shock following adequate fluid resuscitation reported few or no unwanted side effects within the splanchnic circulation [7, [26] [27] [28] [29] . In agreement with these previous studies, we did not find significant overall differences among groups in terms of arterial lactate concentrations or acid-base homeostasis, as well as surrogate markers of splanchnic perfusion. The absence of detrimental hepatosplanchnic hemodynamic effects of TP and AVP during the observation period is further confirmed by the lack of significant overall differences among groups in terms of liver and pancreatic enzymes. Nevertheless, at the end of the study period, both BILT and BILD were significantly higher in both the AVP and NE group as compared with patients treated with TP. The increase in BILT in the AVP group noticed in the present study is in agreement with previous studies [25, 27, 30] reporting similar findings after AVP administration. In contrast, we did not find any differences in BILT 48 hours after TP administration. It has been postulated that AVP might contribute to an increase in BILT concentrations by a reduction of biliary output and bile flow after an initial transient increase [31] . In addition, it has been shown that AVP may modulate hepatocyte tight junctional permeability and thus produce cholestasis [32] . Although speculative, it is possible that these effects are less pronounced when TP is administered, probably due to its higher V 1 selectivity. Nevertheless, the implication of this finding for the course of the disease remains uncertain and should be clarified in future studies.
Although AVP may contribute to antidiuresis in a dosedependent manner [33] , recent studies revealed that in the presence of septic shock, vasopressin analogues may increase diuresis and improve renal function [7- 9, 24, 26, 28, 29] . Different pharmacological effects on the afferent and efferent arterioles [34] , as well as the pathophysiological features in vasopressin receptor physiology in sepsis [35] may account for these observations [7] [8] [9] 24, 26, 28, 29] . Moreover, the AVP-associated increase in systemic blood pressure may contribute to an increase in urine output [36] . Notably, a post hoc analysis of the VASST data [37] demonstrated a reduced rate of progression to acute renal failure in patients at risk for acute renal failure ('R', according to the RIFLE criteria [38] ) treated with AVP. In harmony with the latter observation [37] , neither AVP nor TP negatively affected renal function in the present study.
AVP has been reported to activate platelets via V 1 receptors, leading to an increase in CD62 expression [39, 40] and a decrease in platelet count in patients with normal platelets, but not in patients with low platelets [39] . In this context, it is another interesting finding of the present study that TP, as compared with AVP and NE, significantly decreased platelet count. However, in accordance with a previous study [40] , neither AVP nor NE negatively affected the coagulation system.
The present study has some limitations that we would like to acknowledge. First, because there are no equivalent doses or data comparing different doses of AVP and TP, we decided to evaluate the efficacy of fixed doses of the study drugs in reaching the threshold MAP and to investigate their effects on openlabel NE requirements. We therefore chose the AVP dose investigated in VASST (i.e. 0.03 U/min of AVP and 15 μg/min of NE) [5] and a low TP dose previously reported to be safe and effective in a case series [13] . In this regard, it needs to be considered that AVP was administered at a fixed dose of AVP = arginine vasopressin; CBI = blood clearance of indocyanine green; NE = norepinephrine; PDR = plasma disappearance rate of indocyanine green; P g-a CO 2 = gastric-mucosal arterial carbon dioxide partial pressure difference; TP = terlipressin. * P < 0.05 vs. baseline (significant time effect); † P < 0.05 vs. TP (significant group effect); ‡ P < 0.05 vs. AVP (significant group effect); § P < 0.05 vs. NE (significant group effect). 0.03·U/min. It might be argued that a weight-adjusted TP dose was compared with a fixed AVP dose and thus the chosen doses might not have been pharmacologically equivalent. Therefore, it is possible that the TP dose was relatively higher as compared with the AVP dose.
Second, we performed a pilot study with the reduction of open-label NE requirements as the primary endpoint. In this regard, it has to be underlined that there is no reliable evidence that a reduction in catecholamine requirements may lead to an improved outcome. Third, we investigated only a small number of septic shock patients treated over a relative brief period. In this regard, the risk of positive results in a study with numerous secondary variables and time points has to be taken into account. Thus, caution should be exercised in interpreting the results of the secondary outcome variables. Properly powered, randomized controlled trials are required to determine the effects of TP infusion on clinical outcome. All patients included in the present study received hydrocortisone, so we cannot judge if and how corticosteroids affected our results [41, 42] . For safety reasons, we opted for a 48-hour intervention period, because it was impossible to measure the circulating levels of TP. Although there is no evidence of drug accumulation over time, we cannot rule out this possibility when TP is infused over a more prolonged period. Moreover, hepatosplanchnic perfusion was assessed using PDR and CBI. Although PDR and CBI have been found to be a good predictor of survival in critically ill patients, at best it reflects the total splanchnic blood flow without separating hepatic arterial from portal venous flow. In addition, mucosal blood flow was estimated by gastric tonometry, a methodology that does not necessarily reflect changes in other parts of the gastrointestinal tract.
Conclusions
Taken together, our results demonstrate that a continuous infusion of a relatively low dose of TP (1.3 μg/kg/h) was effective in reversing sepsis-induced hypotension and in reducing NE requirements. Larger randomized controlled clinical trials are necessary to explicitly clarify whether or not low-dose TP infusion may improve the overall outcome of patients with septic shock as compared with standard therapy. Awaiting these results, continuous TP infusion should not be routinely used outside the scope of controlled clinical trials and might be considered as a rescue therapy, when catecholamines are no longer effective.
Key messages
• Continuous infusion of low-dose TP -when given as first-line vasopressor agent in septic shock -reduces open-label NE requirements.
• Low-dose AVP or TP infusion do not decrease in CI, DO 2 I and SvO 2 in adequately fluid resuscitated septic shock patients.
• Continuous TP infusion may be favourable over TP bolus infusion, because the latter approach has been reported to excessively increase SVRI and PVRI as well as decreases in HR and CI.
• Neither AVP nor TP negatively affected pulmonary hemodynamics and function.
• There are no differences between TP, AVP and NE in terms of regional hemodynamics or acid-base homeostasis when they are administered as first-line vasopressor agent in septic shock. 
